and number of bites with time spent feeding (Williamson et al. 1990) . While valuable, these observations do not describe a quantified measurement of food intake. Additionally, the nutrient content of food consumed often is not determined in these types of studies. Thus, nutrient intake of free-ranging primates remains unknown for many species.
Studies of gut morphology are relatively descriptive, although may be limited in the number of individuals of a species examined. Differences among sub-species, if any, often remain to be identified. Examination of morphology and physiology at the functional and cellular level is scarce.
A number of studies describe requirements for some nutrients with respect to specific primate species, but the compilation of this information is outdated. The National Research Council (NRC; 1978) publication which attempted to describe the nutrient requirements of non-human primates, requires updating. This publication falls far short of providing information for many nutrients and many primate species. Factors such as activity, growth, pregnancy and lactation, which may affect nutrient requirements or utilization, also must be considered (Oftedal & Allen, 1996) . However, it is likely that in general, primates have similar qualitative nutrient requirements for tissue metabolism and the NRC (1978) publication remains a primary source of information.
Because the compilation of human nutrient requirement information is more current (NRC, 1989) compared with the publication for non-human primates (NRC, 1978) , human requirements may be used to better understand non-human primate needs. Also, human nutrient requirements offer a margin of safety to allow for variability among individuals (NRC, 1989) , while the non-human primate publication (NRC, 1978) indicates an undefined 'acceptable' performance. The two publications, however, are not directly comparable because the data are presented differently. Nutrient requirements for non-human primates are expressed on a DM basis. This provides for consistent comparison of the nutrient content of food items because it eliminates the diluting effect of water. The recommended daily allowances (RDA) for human primates are expressed on an 'as consumed' basis. In practical terms, foods are fed to captive animals on an 'as consumed' basis and include all nutrients with the moisture. Thus, to compare requirements data must be converted to either a DM basis or to an 'as consumed' basis. However, when providing a diet to an individual animal, the total quantity of nutrients fed or consumed daily can be calculated regardless of how the data are expressed.
FOLIVORY
The herbivorous folivores are among the most interesting specialized non-human primate feeders. Unlike the other primates, these primates can subsist on fibrous plant matter consisting largely of leaves. Leaf-eaters such as colobines, langurs and howler monkeys have guts which are adapted for this feeding strategy.
Colobus and Presbytis spend most of their arboreal life feeding on plant parts that include leaves, flowers and seeds (Oates et ul. 1980) . The proboscis monkey, a colobine, consumes almost half its diet as leaves (Yeager et al. 1997) . Leaves utilized by proboscis monkeys contained about 90g proteinkg DM with about 350g fibrekg DM (aciddetergent fibre; Oates et aZ. 1980). Other colobines may spend less than 40 % of their time consuming mature leaves and more than 50% of their time feeding on seeds, fruits and flowers (Chivers, 1994) . It was found that in general, of the proboscis and colobus monkeys, Colobus guerezu are more folivorous than presbytis which tend to be more frugivorous (Chivers, 1994) . Fruits consumed by colobines averaged 78 g proteinkg (Waterman & Kool, 1994) . However, leaves form a major portion of the diet and the plant material consumed by these folivores is relatively fibrous compared with the total diet of most other primates. While still considered folivores, there are exceptions to the total herbivory. For example, hanuman langurs (Presbytis entellus) have been observed to consume some insects along with their mainly herbivorous diet (Srivastava, 199 1) .
The selection of a folivorous diet is related to increased gut complexity (Chivers, 1994) . Colobine monkeys and Asian langurs (Trachypithecus spp.) are unique in that they have a more specialized gut than most primates (Stevens & Hume, 1995) . Colobines have a large and compartmentalized stomach. Asian langurs have stomachs similar to those of the colobines, but have longer small and large intestines and a more-developed caecum (Stevens & Hume, 1995) . Large stomachs and moderate length small and large intestines are adaptations to a diet high in fibre. This type of digestive tract morphology aids in the digestion of high-fibre foods by allowing for an increased passage rate of digesta through the gut (Chivers & Hladik, 1980) . Microbes in the gut ferment the proteins and long-chain carbohydrates found in plant materials to produce volatile fatty acids and essential amino acids, which in turn can be utilized by the host. It has been shown that the lysozymes present in colobine monkeys are similar to those in ruminants such as cattle (Stewart et al. 1988) , indicating that microbial populations may have similar importance to digestion in colobines as they do in ruminants. It has been demonstrated that when fed a manufactured biscuit diet, the colobus monkey can digest 87 % of the DM and 81 % of the fibre fractions (neutral-detergent fibre (NDF): hemicellulose, cellulose and lignin). It was remarked that these were higher digestibilities than predicted with ruminant species (Watkins et al. 1985) . These values are slightly higher than those from a similar study conducted with colobus and langurs which showed DM digestibilities ranging from 77 to 82% (Edwards, 1995) .
The howler monkeys are also folivorous. The brown howler (Alouatta fusca) diet comprised (%): leaves 73, flowers 12, fruits 5. While young leaves mainly were consumed, it was indicated that these were the most-readily-available food items (Chiarello, 1994) . Red howlers consumed over 50% of their diet as leaves, with fruit at about 30% and flowers over 15 %. The majority of leaves consumed by red howlers were mature leaves with a high fibre content (Crissey et al. 1989) . The fibre composition of the diet consumed by red howlers was comparable with that of lucerne (Medicago sativa) hay (Crissey et al. 1989) . Mantled howlers also were observed to be folivores but consumed the majority of leaves as new leaves (Smith, 1977; Milton, 1981) .
Although they consume a herbivorous diet like the colobines, the gut of howler monkeys is considerably different from that of the colobine monkeys. Howler monkeys possess a moderately-sized stomach with no compartmentalization. Their capacity for fibre fermentation is in the lower gut, with an expanded caecum and capacious large intestine (Crissey et al. 1989 ). While they consume a fibrous diet, like other hindgut fermenters, their digestive strategy is more likely to decrease the passage rate of digesta in the total gut, which lowers digestive capacity compared with foregut fermenters like the colobines. It follows that the DM digestibility of manufactured biscuits in red howlers ranged from 62 to 69 % in these hindgut fermenters (Edwards, 1995) . This strategy allows fermentation in the lower gut, but the nutrients from this portion of the gut may have limited availability to the animal (Van Soest, 1996) .
Thus, both the colobine species and howler species exploit leaves as their main source of food, but their digestive strategies differ. These factors may influence nutrient requirements among folivorous species. Also, the nutrient requirements of folivores may be different from those of other primate species with different foraging strategies and gut morphologies.
INSECTIVORY
Some of the very small primates, such a callitrichids (marmosets and tamarins, body mass ranging from 105 to 700g; Garber, 1992) , consume insects as a large portion of their diets in the wild. However, there are foraging differences among, and even within, these species. While the primary adaptation is insect feeding, food selection among free-ranging callitrichid species varies from insects and fruits in the larger animals to insects and exudates (gums, saps and latex) in the smaller animals (Garber, 1992) .
Emperor tamarins (Saguinus imperator) consume primarily insects and fruits. When fruit is scarce, emperor tamarins have been noted to be intense nectar feeders (Terborgh, 1983) . But nectar cannot support maintenance and they may lose up to 15 % of their body weight when consuming large quantities of nectar (Rosenberger, 1992) . Moustached (Saguinus mystax) and saddle-backed (Suguinus fuscicollis) tamarins spend up to 3 1 % of feeding time consuming nectar during the dry season (Garber, 1988) . Saddle-backed and moustached tamarins consume prey and water from bromeliads (Nickel & Hyemann, 1996) as do golden lion tamarins (Leontopithecus; Garber, 1992) . Some may consume up to thirty-eight species of insects (Nickel & Heymann, 1996) . Moustached tamarins, which consume about 14% of their diet as insects, also eat fruit seeds. However, the seeds are passed primarily undigested (Heymann, 1992) , limiting their contribution of nutrients. Arboreal pygmy marmosets (Cebuillu pygmaea) spend 67 % of their total feeding time in the procurement and investigation of exudates and 33% of feeding time foraging for insects. Fruit, buds, flowers and nectar constitute a minor portion of the diet (Ramirez et al. 1977) .
Dentition of callitrichids is associated with their feeding strategy and is categorized as: short-tusked, for gouging bark (marmosets), and long-tusked, similar to other primates (tamarins ; Ferrari & Martins, 1992) . Gut morphology of callitrichids has been associated with the extent to which a species consumes exudates, specifically gums. It is thought that for increased digestion of gums, a more complex gut is beneficial. Common marmosets (Callithrix juccus) which are largely exudate feeders possess a large complex caecum with internal ribbon-like structures (Garber, 1992) . Cullithrix emiliae also have a large complex caecum to help process gums (Ferrari & Martins, 1992) . These gut features are less well developed in the golden lion tamarin (Garber, 1992) . Digestibility of gums by galagos (Galugo senegalensis bruccutus), an African gum-eating prosimian, averaged 790 W/MJ total energy (Nash, 1989) . The digestible energy of an artificial diet fed to a variety of callitrichids ranged from 7 10-860 WMJ total energy where the smaller-bodied species possessed decreased energy digestibility when compared with species of larger body size. The exception to this was the pygmy marmoset which had the smallest body size and the ability to digest energy at 840kJMJ total energy (Power, 1991) .
Thus, it appears as though the callitrichid gut morphology may allow them to obtain considerable nutrients from the insects and exudates consumed. As observed, the callitrichid species utilize insects and exudates as their main sources of food but their digestive strategies differ among species. Like the folivores, these factors may influence nutrient requirements among callitrichid species. Again, these specialists may have nutrient requirements different than other primate species with different foraging strategies and gut morphologies.
FOOD COMPOSITION
Studies of foraging strategies do not often include an examination of food nutrient composition. Food composition studies can provide data about the types and amounts of nutrients available in foods consumed by free-ranging primates. Studies of food composition may indicate the motivation behind diet selection. For example, it has been thought that free-ranging primates select foods such as immature leaves, some fruits and insects based on their protein content (Oates et al. 1980; Calvert, 1985; Yeager et al. 1997) . However, this theory has not been proved consistently (Oftedal, 1992) .
There has been considerable interest in diet selection with respect to secondary plant compounds such as tannins, especially with folivorous monkeys (Oates et al. 1977 (Oates et al. , 1980 Moreno-Black & Bent, 1982; Yeager et al. 1997) . For example, colobus are able to consume small amounts of plants containing toxic secondary plant compounds (Waterman & Kool, 1994) . These compounds can decrease the gut flora, deactivate enzymes in the gut or act as a toxin (Kavanagh, 1983) . However, it has been suggested that some primates will select particular food items based on medicinal qualities and, thus, use secondary metabolites to their advantage (Wrangham & Goodall, 1989) .
Reasons for selection of particular food items may be of importance with regard to ecological concerns, but what is crucial to captive animal nutrition is the nutrient profile of the foods consumed. It should be noted that the nutrient and metabolite content of plant parts can be affected by habitat, environmental conditions and maturity of the plant among other factors (Van Soest, 1996) . For example, mature leaves often are higher in fibre than new leaves (Kay & Davies, 1994) .
Additionally, chemical analyses alone may not indicate the availability of the nutrient to the animal. For example, there may be an overestimation of protein available in insects because the N found on analysis is actually bound to chitin in the exoskeleton and may be unavailable to the animal (Allen, 1989; Dierenfeld, 1993) .
The requirement for health is a requirement for nutrients in the food, not the food per se. However, incorporating data about the foraging strategy and gut morphology of the primate in formulating the captive primate diet is fundamental. This information may provide essential clues as to the possible unique requirements of each species, how available the nutrients may be to the animal, and how the animal may utilize the available nutrients.
By comparing the nutrient composition of the foods consumed by free-ranging species with that available to zoological institutions, the diet offered to captive primates can be determined. One of the challenges is that most of the food items consumed by non-human primates in the wild are unavailable commerically . Produce grown for human consumption which is fed routinely to captive primates may not have the same nutrient profile as those types of items consumed in the wild. This is because produce such as fruits and vegetables available to captive primates may be considerably higher in water, lower in fibre and more readily digestible than the natural diet.
As mentioned previously, the fibre level present in the diet of the free-ranging red howler monkey is similar to that of lucerne hay (Crissey et al. 1989) which is fed often to horses. In comparison, the fibre level of celery (Apiurn graveolens), a leafy vegetable available to institutions (United States Department of Agriculture, 1984) , is considerably less than that of the natural diet of howlers (Crissey et al. 1989) . Likewise, it was found that captive Asian colobine monkeys consumed diets lower in fibre and higher in protein than these animals are likely to consume in the wild (Nijboer & Dierenfeld, 1996) . The same type of information was recorded for captive gorillas (Gorilla gorilla gorilla) where the captive animal diets contained NDF levels between 32 and 142 gkg (Crissey & Allen, 1987 ) compared with free-ranging gorillas consuming from 400 to 900 g NDFkg (Calvert, 1985) . Table 1 illustrates comparisons of crude protein (N x 6.25), NDF and moisture levels in selected fruits and vegetables with those of fruits consumed by free-ranging gorillas. The NDF values of common selected produce items ranged between 120 and 170 g k g compared with those of the fruits consumed by gorillas in the wild which ranged between 550 and 710 gkg, on a DM basis. The moisture content was slightly higher in the cultivated produce compared with the fruit consumed by free-ranging gorillas. It is evident that, in general, the fruits consumed by free-ranging gorillas contain considerably more NDF, somewhat at the expense of moisture, than commerically-cultivated produce found in North America.
Browse plants may be available to institutions housing captive primates, but for zoos in temperate climates these may be limited to seasonal availability. Leaves of browse plants in the New York (USA) area were found to contain between 200 and 390 g NDFkg DM in summer months and 280-730 g k g DM in the autumn (Nijboer & Dierenfeld, 1996) . Thus, it is possible that some browse plants may resemble more closely the lower protein and higher fibre levels of plant parts consumed by folivorous primates than leafy vegetables. Comparison of crude protein and NDF levels in selected commerically-cultivated leafy vegetables, commerically-available hays, naturally-occurring uncultivated leaves used as browse, and leaves consumed by folivorous primates is shown in Table 2 . This comparison demonstrates that there is considerable overlap in protein and NDF levels among food items. Given the range of protein and NDF consumed by folivorous primates, consumption of highly-fibrous leafy vegetables, browse species and even hay may simulate the protein and fibre composition of natural diets.
For callitrichids which consume insects as a large part of their diet, insects can provide a source of protein and fat. The array of insect types and insect stages consumed by freeranging insectivorous primates may be considerable (Nickel & Heymann, 1996) . Data on the nutrient composition of insects consumed by these insectivores are scarce. In general, nymph and larvae stages have a higher fat content than other life stages (Dierenfeld, 1993) . Small larvae consumed by free-ranging aye-aye (Daubentonia madagascariensis), for example, contained 565 g crude proteinkg DM and large larvae contained 307 g k g DM. Comparison of lipid content was 333 and 444gkg DM for small and large larvae respectively (Sterling et al. 1994) . Insects may vary in nutrient content depending on the diet of the insect itself. It has been found that if crickets (Acheta domesrica) are fed a highCa diet, their total Ca content increases because of gut fill (Allen, 1989) . It is presumed that this may occur also in the wild. Insects available commerically are limited in species and stage of development, thus the array of insects consumed by primates in the wild is not available to captive animals. Also, the diets that the commercial insects consume can be controlled. If controlled well, nutrients can be offered which can fortify the insects as a nutrient source, as is the situation with Ca (Allen, 1989) . The composition of invertebrates available commerically, if used as an example for basic nutrient composition of insects in the wild, shows crude protein estimates ranging from 3lOgkg DM for wax moth (Galleria mellonella) larvae to 700 g k g DM for fruit flies (Drosophila spp; Table 3 ). Lipid levels as measured by diethyl ether extract were more variable, ranging from 70 g k g DM for earthworms (Lumbricus spp.) to 610gkg DM for wax moth larvae. These data show that the analysed invertebrates, except the earthworm, contained an inverse Ca : P (Allen & Oftedal, 1994) .
Nutrient data are not available for nectar and gums utilized by many callitrichids. Exudates consumed by the Panamanian tamarin (Saguinus oedipus geoffroyi) were recorded to contain between 20 and approximately lOOg protein/kg, depending on the season. Ca content ranged from 3 to 7 g k g with a Ca : P value ranging from 3 1 : 1 to 142 : 1 (Garber, 1984) . Acacia gum, consumed by galagos is available commercially (Nash, 1989) . This is primarily a source of carbohydrate, including arabinose, galactose, rhamnose, and glycuronic acid (Windholz, 1976) . Commercially-available nectar contains (gkg DM): protein 20, Ca 0.4, P 0-4 (United States Department of Agriculture, 1984) . Given the information available, it can be deduced that the nutrient content of insects, gums, and nectar would contribute to a complementary nutrient profile when consumed as components of a total diet. Often a variety of foods have been offered in marmoset research colonies. Items included some type of commerical diet, with some other foods including insects, small vertebrates and fruit and vegetable produce (Clapp & Tardif, 1985) . The level of protein reported as adequate was 200gkg DM with a comment that this may be above true requirement levels. Lipid levels were about 70 g k g DM, with carbohydrate at 53 g k g DM. It was stated that diets such as these almost eliminated the problem of marmoset wasting syndrome.
Compared with levels of protein and lipids in insects, the levels stated previously for research colony diets are considerably lower. Thus, compared with the folivorous primates, the primarily insectivorous captive primates may be consuming diets less nutrient dense with respect to protein and lipid than much of their natural diet.
Two factors often overlooked when examining diets of free-ranging animals and applying that information to the formulation of captive primate diets are: (1) the impact of 'incidental' ingestion, (2) the chemical form of a particular nutrient. Incidental ingestion may be as obvious as the observation that moustached tamarins have been seen to consume soil, it was presumed this was for its mineral content (Hartmann & Hartmann, 1991) . Consuming minerals in this fashion may complement the limited mineral content of insects. Observations on free-ranging aye-aye found them to consume a diet relatively low in Ca. For example, the quantity of Ca in a particular fungus, their highest source of that mineral, was only 2 g k g (Sterling et al. 1994) . As the aye-aye bores through branches for insects, it may consume gums and saps that may contain additional Ca as well as carbohydrate (Crissey et al. 1995) . Colobus monkeys (Procolobus kirkii) have been seen to consume charcoal, but the significance of this has not been investigated (Struhsaker et al. 1997) . Consumption of the incidental insect by the folivorous monkey or the nutrients contained in the bromeliad liquid from which callitrichids catch and consume their prey may provide significant nutrients to a diet otherwise deficient in some nutrients.
The chemical form of a particular nutrient available from items consumed by freeranging primates may affect the availability of that nutrient for metabolism. This hypothesis is not well researched, but there are a few examples and questions which may lead to more examination. One topic which has generated investigation is vitamin D. New World primates are primarily able to utilize cholecalciferol, while Old World primates can utilize both ergocalciferol and cholecalciferol. It has been shown that callitrichids may require higher levels of cholecalciferol than other New World primates because of a targetorgan receptor resistance to the active form of the vitamin (Takahashi et al. 1985) . Goeldi's monkeys (Callimico geoldii) of the New World primates, described as intermediate to callitrichids and cebids, were fed on diets with vitamin D levels appropriate for callitrichids. This population of animals suffered from renal disease and it was thought that vitamin D levels may have been a contributing factor. When compared with human circulating levels, 1,25-dihydroxyvitamin D was consistently elevated while 25-hydroxyvitamin D was not (Crissey et al. 1996) . These are examples where the form and possibly the quantity of the vitamin is important to nutritional status. However, problems continue to exist, especially with respect to leaf-eating monkeys and nursing infants (Momsey et al. 1994) . Thus, the remedy to the problem may not be as simple as the difference between dietary ergocalciferol and cholecalciferol. It has been shown that ergocalciferol originates from plant food sources, while cholecalciferol is primarily found in animal products (Miller & Norman, 1984) . It has been discovered, however, that a number of plants contain active cholecalciferol compounds (Prema & Raghuramulu, 1994) . This provides evidence that not only is cholecalciferol present in plants, but also its active metabolites: 25-hydroxycholecalciferol and 1,25-dihydroxycholecalciferol, giving rise to the question once again that a particular form of the vitamin or possibly even the metabolite is needed in the diet for some species. Additionally, since sunlight can play a major role in vitamin D status, evolution of a dependence on dermal conversion is also in question. Thus, the problem may be more complex than originally thought and given that this is just one example, there may be many questions about the availability and form of any number of nutrients which are yet to be investigated.
In the wild, animals consume a somewhat varied diet which is thought to allow for selection of a diet which meets their requirements. While there may be natural constraints, in times of abundance, this statement is probably correct. Similarly, a diet for captive primates must meet all the nutrient requirements of the species, while providing food choices to complement gut morphology and feeding strategy. Given that for many primate species the foods cultivated for human use generally are unlike those in the natural diet, the challenge is to develop an appropriate and palatable diet using available food items.
There are a number of products manufactured for captive primates. In general, these are formulated to meet the nutrient requirements published in 1978 (NRC, 1978). A comparison of the nutrient content for several manufactured primate foods utilized in the UK and the USA shows variations compared with the foraging strategies of the animals they are intended to feed (Table 4) . In general, there appear to be two product categories, 230-280 g proteinkg and 180 g proteinlkg. Interestingly, the 230 g proteinkg diet is intended for marmoset species. Also, the 'leaf-eater' and 'high-fibre' diets are between 130 and 140 g crude fibrekg DM. While the measurements for crude fibre and NDF are not directly comparable, these levels can be considered much lower than those the leaf-eating primates would be consuming in the wild. Thus, it appears that while there is an acknowledgement to formulate diets in line with primate foraging ecology, comparison of nutrient content with the information gathered on foraging strategies and gut morphologies of primate species illustrates that the products available may not provide for the variation needed. However, some specific needs have been addressed with these manufactured diets. As Table 4 illustrates, vitamin D levels are increased in the marmoset diet, most probably in response to the studies which showed a target-tissue resistance to vitamin D. Since the manufactured diets contain a wide array of nutrients, they still are appropriate for inclusion in the primate diet. This is because items such as browse, and commercially-available fruit and vegetable produce, seeds, gums, nectar and invertebrates do not individually provide all the nutrients the species may require. Thus, the task remaining is to formulate a diet utilizing resources available. Usually, a combination of a palatable manufactured diet with appropriate additional food choices to complement the foraging ecology and gut morphology of the species is attempted. The objective is to add appropriate items to the diet and to utilize the manufactured diet without diluting essential nutrients provided by either.
In conclusion, foraging strategies and gut morphology play a large role in food item selection and nutrient utilization in free-ranging primates. While the examples presented do represent some limited extremes, this one order of animals represents almost every combination of the myriad of both foraging strategies and complementary gut morphology. Utilization of this knowledge is essential in formulating an appropriate diet for captive primate species. Much information is yet to be learned and as more is discovered about the nutritional strategies of these animals, application to other species including man, may be possible.
